"More crop per drop": Exploring India's cereal water use since 2005. by Kayatz, Benjamin et al.
LSHTM Research Online
Kayatz, Benjamin; Harris, Francesca; Hillier, Jon; Adhya, Tapan; Dalin, Carole; Nayak, Dali; Green,
Rosemary F; Smith, Pete; Dangour, Alan D; (2019) “More crop per drop”: Exploring India’s cereal
water use since 2005. Science of The Total Environment, 673. pp. 207-217. ISSN 0048-9697 DOI:
https://doi.org/10.1016/j.scitotenv.2019.03.304
Downloaded from: http://researchonline.lshtm.ac.uk/4652701/
DOI: https://doi.org/10.1016/j.scitotenv.2019.03.304
Usage Guidlines:
Please refer to usage guidelines at http://researchonline.lshtm.ac.uk/policies.html or alternatively
contact researchonline@lshtm.ac.uk.
Available under license: http://creativecommons.org/licenses/by/2.5/
https://researchonline.lshtm.ac.uk
“More crop per drop”: Exploring India's cereal water use since 2005
Benjamin Kayatz a,b,g,⁎, Francesca Harris c, Jon Hillier b,d, Tapan Adhya e, Carole Dalin f, Dali Nayak a,
Rosemary F. Green c, Pete Smith a, Alan D. Dangour c
a University of Aberdeen, Aberdeen, UK
b Helmholtz Centre Potsdam German Research Centre for Geosciences, Potsdam, Germany
c London School of Hygiene & Tropical Medicine, London, UK
d Global Academy of Agriculture and Food Security, The Royal (Dick) School of Veterinary Studies and The Roslin Institute, Easter Bush Campus, Midlothian, UK
e Kalinga Institute of Industrial Technology, Bhubaneswar, India
f Institute for Sustainable Resources, University College London, UK
g Brandenburg University of Technology Cottbus-Senftenberg, Cottbus, Germany
H I G H L I G H T S
• Between 2005 and 2014 the production
of 5 dominant cereals in India increased
by 26%.
• Total water use for cereal production in
India has remained largely unchanged.
• Cereals are increasingly produced in the
dry (Rabi) season.
• Enhancing maize, millet and sorghum
production may reduce India's agricul-
tural use of freshwater.
• Millet and sorghum yields are currently
too low to ensure sufﬁcient total cereal
supply.
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India has the highest national freshwater demand globally and 91% of India's freshwater is used in the agriculture
sector. Cereals account for over 50% of the dietary water footprint in India and represent a potential opportunity
for reducing water use in Indian agriculture.
This study combines governmental production and irrigation statistics with crop distribution maps to examine
trends in annualwater use for cereal production in India between2005 and 2014. A newonlinewater assessment
tool, Cool Farm Tool Water (CFTW), was used to calculate water use and derive seasonal state-level blue and
green water footprints for rice, wheat, sorghum, millet and maize.
The analysis indicates that India achieved 26.4% increased total cereal production between 2005 and 2014 with-
out additional water or land use. Cereal water footprints have declined due to higher yields for most crops and
slightly lower rates of evapotranspiration. There has also been a shift in the area under production away from
the Kharif (monsoon) towards the Rabi (dry) season in which total water footprints for all cereals except rice
are substantially lower (−33.4% to−45.0% compared to Kharif), but show a signiﬁcantly higher dependency
on ground and surface water.
The value of this study is two-fold. First, it provides a full assessment of production trends for the ﬁve major ce-
reals in India for each year from 2005 to 2014 and links it to water use. Secondly, it uses updated seasonal water
Keywords:
Cereals
India
Water resource management
Food security
Irrigation
Cool Farm Tool
Science of the Total Environment 673 (2019) 207–217
⁎ Corresponding author at: Institute of Biological and Environmental Sciences, School of Biological Sciences, University of Aberdeen, 23 StMacharDrive, RoomG35, AberdeenAB24 3UU,
Scotland, UK.
E-mail address: benjamin.kayatz@gfz-potsdam.de (B. Kayatz).
https://doi.org/10.1016/j.scitotenv.2019.03.304
0048-9697/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Contents lists available at ScienceDirect
Science of the Total Environment
j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
footprints, which demonstrate the potential for changes in cereal production practices to contribute to improved
efﬁciency of water use in India. Future pressures on scarce water resources may encourage transition to cereals
with lower irrigation dependency, in particular maize, but also sorghum and millet. In addition, increased em-
phasis on improving millet and sorghum yields would be of beneﬁt to secure cereal production and reduce its
overall water footprint.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction
Feeding a growing world population with healthy diets, while min-
imizing the impacts on the environment, is one of the biggest challenges
of the coming decades (Godfray et al., 2010; Springmann et al., 2018).
The population of India has risen by over 235% in the last 60 years
(Census of India, 2011), and this has coincided with a large increase in
food production due to signiﬁcant improvements in agriculture through
India's Green Revolution. Cereal production shifted away from tradi-
tional cereals such as millet and sorghum, and towards higher yielding
cereals of rice and wheat. Since 1986, the country has been mostly
self-sufﬁcient in cereal production, growing over 223.7 million tonnes
of cereals annually (average 2005–2014) (DACNET, 2017; Maitra,
1991; Ministry of Agriculture and Farmers Welfare, 2017).
The increase in cereal production over the last decades has had an
impact on the local environment, through increased agricultural land
area, fertilizer andwater use (Barik et al., 2017). India is the largest con-
sumer of freshwater (ground and surface water) globally, 91% of which
is withdrawn for food production (FAO, 2016). Groundwater depletion
increased by 23% from 2000 to 2010 (Dalin et al., 2017) and is a major
concern for cereal production and self-sufﬁciency (Barik et al., 2017).
Cereals play a dominant role in Indian diets and contribute to approxi-
mately 50% of the total water used in the agricultural production of
food in India (Harris et al., 2017). Coinciding with the shift in produc-
tion, cereal consumption patterns have changed with more rice and
wheat and less coarse cereals such as millet, maize and sorghum being
consumed (DeFries et al., 2018). However, the Indian population suffers
a large burden of micronutrient deﬁciencies, and increasing consump-
tion of nutrient-dense coarse cereals has been proposed as a beneﬁcial
public health nutrition intervention (DeFries et al., 2015; Rao et al.,
2018).
To advance understanding of the relationship between water use
and cereals in India, this study explores trends in cereal production,
water use andwater footprints of ﬁvemajor cereals (rice, wheat, millet,
sorghum andmaize) from 2005 to 2014. Crop production, area and irri-
gation statistics for India were combined with novel data generated
through the agricultural water assessment tool, Cool Farm Tool Water
(CFTW), to quantify total water use of cereal production (Hillier et al.,
2011; Kayatz et al., 2019). The variability in water footprints is analysed
for all states and seasons to understand the drivers of total water use.
Changes to yields and cropping practices are identiﬁed to determine im-
portant factors for increased cereal production in India.
2. Methods
A spatially and temporally explicit dataset of crop production and ir-
rigation area was used to determine cereal water use in India via the
CFTW model (Kayatz et al., 2019).
2.1. Data
All data used for this study are summarized in Table 1 and described
below, including the further processing of the data.
2.1.1. Crop area and production
Publicly available data from theGovernment of India on crop and ce-
real production were abstracted for the 5 dominant cereals under pro-
duction (rice, wheat, maize, millet and sorghum). District-wise data
on harvested area, production and yield for all seasons were provided
by the Directorate of Economics and Statistics, Ministry of Agriculture
and Farmer's Welfare (DACNET, 2017). Additionally, state-level data
for crop area and production were available from the “Agriculture Sta-
tistics at a Glance Year Book” from 2005 to 2014 on an annual basis
for the major producing states (Ministry of Agriculture and Farmers
Welfare, 2016, 2017; Ministry of Agriculture, 2015, 2014, 2013, 2012,
2011, 2009, 2008, 2007). At state-level, only yield data for the different
seasons was available.
Gaps in data were identiﬁed at both district and state-level. The fol-
lowing process was adopted to align both datasets, ﬁll gaps and provide
an overview of cereal production for the whole of India, for all growing
seasons between 2005 and 2014.
1. Season names were harmonized under; Autumn, Winter, Kharif
(monsoon), Summer and Rabi (dry).
Table 1
Overview of datasets used for crop production, crop distribution and irrigation.
Dataset Source Spatial
resolution
Temporal
resolution
District area &
production
DACNET (2017) District Season &
year
State area &
production
Ministry of Agriculture and Farmers Welfare (2016, 2017), Ministry of Agriculture (2015, 2014, 2013, 2012, 2011, 2009,
2008, 2007)
State Year
State yield Ministry of Agriculture and Farmers Welfare (2016, 2017), Ministry of Agriculture (2015, 2014, 2013, 2012, 2011, 2009,
2008, 2007)
State Season &
year
Area Zhao and Siebert (2015) 500 m × 500
m
2005
Irrigation fraction Zhao and Siebert (2015) 500 m × 500
m
2005
Irrigation fraction Ministry of Agriculture (2015) State Year
Crop calendar Ministry of Agriculture (2015) State Season
Crop calendar Portmann et al. (2010) State Season
Crop calendar Ikisan (2017) State Season
Crop calendar NFSM (2017) State Season
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2. Seasonal state-level yields were used to attribute total state produc-
tion and area to the growing seasons for states with less than three
growing seasons.
3. District and state-level area and production datawere harmonized to
establish a combined state-level dataset as described in Eqs. (1) and
(2) below
Astate;i ¼ max Astate;i;
X
Adist;i; j
 
ð1Þ
Pstate;i ¼ max Pstate;i;
X
Pdist;i; j
 
ð2Þ
where Astate, i and Pstate, i is the state-level value for area and produc-
tion for state i, respectively. Adist, i, j and Pdist, i, j are the production of
district j in state i.
4. Missing district-level area and yield statistics were approximated for
every year and season based on a linear relationship using existing
district and state data. The total gap-ﬁlled district area and produc-
tion within one state was scaled to match state values determined
in step 3.
5. Harvested area within each district was allocated using the gridded
GEOSHARE crop distribution map for India for each individual crop
(Zhao and Siebert, 2015) using a constant yield for each district,
year and season.
2.1.2. Crop irrigation area
The Indian “Agriculture Statistics at a Glance” yearbooks provide the
irrigation fraction for every cereal in the main producing states and the
national average (Ministry of Agriculture and Farmers Welfare, 2016,
2017; Ministry of Agriculture, 2015, 2014, 2013, 2012, 2011, 2009,
2008, 2007). Irrigation distribution was taken from the gridded
GEOSHARE dataset (Zhao and Siebert, 2015), which provides total irri-
gated area as a fraction of a 500 m by 500 m grid cell, representative
for the year 2005. The raster was re-sampled to a 5 arc-min by 5 arc-
min grid (approx. 9 km by 9 km). The total irrigated area was distrib-
uted across India as follows:
1. The total irrigated area in India and the states where irrigation frac-
tions are available (between 14 and 30 depending on crop and
year)were used to determine the irrigation area that has not been al-
located to a state Inotallocated (Eq. (3)).
Inotallocated ¼ IIndia−
X
Istate;i ð3Þ
where IIndia is the total irrigated area of a speciﬁc year and Istate, i is the
irrigated area for state i where irrigation information is available.
Inotallocated varied between 0.0% and 11.2% depending on crop and
year. Wheat had the lowest Inotallocated throughout 2005 to 2014
(max. 0.3%).
2. Inotallocated was allocated to the remaining states without annual irri-
gation fraction data according to the state fraction from the
GEOSHARE dataset (Zhao and Siebert, 2015).
3. Irrigation area was then allocated to individual districts in one state
based on district irrigation fraction in the GEOSHARE dataset (Zhao
and Siebert, 2015). This study assumes that the distribution of irri-
gated area of the districts within one state remained constant be-
tween 2005 and 2014.
4. Irrigation area in each district was primarily allocated to the Rabi and
Summer growing season. If the irrigation area exceeds the total area
of those seasons, irrigation area is allocated to the monsoon driven
seasons (Winter, Autumn and Kharif) based on their total area
fractions.
5. Irrigation within one district was allocated based on cell fractions
using the GEOSHARE dataset (Zhao and Siebert, 2015).
2.1.3. Crop calendars
Sowing and harvesting dates for all ﬁve cereals were primarily as-
similated from Ministry of Agriculture (2015), Portmann et al. (2010),
Ikisan (2017) and NFSM (2017). Crop growing seasons are constant
for all years and do not reﬂect annual variability.
2.2. Evapotranspiration and water footprints
Actual evapotranspiration ETa and potential evapotranspiration ETpot
were determined using CFTW (Kayatz et al., 2019). The Cool Farm Tool
(CFT) is an on-line tool designed for agri- and food and drink businesses,
policy makers, farmers, and extension workers to assess their environ-
mental impacts; in particular carbon, biodiversity and water. The tool
has been widely used globally (Aryal et al., 2015; Hillier et al., 2012)
and previously used to quantify greenhouse gas emissions associated
with food items in India (Vetter et al., 2017).
CFTW calculates crop water use based on the FAO56 approach con-
sidering atmospheric forcing using the Penman-Monteith equation,
crop phenology and crop water stress (Allen et al., 1998).
The Penman-Monteith equation determines reference evapotrans-
piration ET0 based on a short well-watered grass considering net radia-
tion, temperature, vapour pressure deﬁcit and wind speed. ETpot
(Eq. (4)) results from the crop speciﬁc and climate adjusted crop coefﬁ-
cient Kc and ET0.
ETpot ¼ ET0  Kc ð4Þ
Finally the soil water balance is determined based on precipitation,
interception, soil water holding capacity, runoff and deep-percolation.
The soil water depletion is then used to deﬁne crop water stress Ks
and ETa (Eq. (5)).
ETa ¼ ETpot  Ks ð5Þ
If an area is irrigated it is assumed that no water stress occurs
throughout the growing season (Ks = 1).
The tool employs a global daily climate dataset based on ERA-
Interim data (Dee et al., 2011), in addition to the Harmonized World
Soil Database (FAO et al., 2012) and crop parameters based on Allen
et al. (1998). For this study, ERA-Interim precipitation was replaced
with the remote sensing precipitation dataset TRMM (Tropical Rainfall
Measurement Mission) (Huffman et al., 2007), which has a ﬁner spatial
resolution. Further details about CFTW are provided at Cool Farm
Alliance (2016) and Kayatz et al. (2019).
The blue and green water footprint were quantiﬁed following the
approach of Mekonnen and Hoekstra (2010) and Mekonnen and
Hoekstra (2011). Blue and green water use, CWUgreen and CWUblue, re-
spectively, were evaluated as follows:
CWUgreen ¼ ETa  A ð6Þ
CWUblue ¼ ETpot−ETa
   AI ð7Þ
where A is the total area under production in one grid cell, district, state
or the whole of India, while AI only refers to the irrigated area for the
same spatial unit.
The results were then used to determine the water footprint WFP
based on production, P (Eqs. (8) and (9)).
WFPgreen ¼ CWUgreenP ð8Þ
WFPblue ¼
CWUblue
P
ð9Þ
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2.3. Analysis linking cereal production and water use
This study quantiﬁes the change in cereal production and water use
between 2005 and 2014, and evaluates trends in the total area, produc-
tion, and water use of the ﬁve Indian cereals by ﬁtting linear regression
models over the ten-year period allowing for direction and strength of
change to be observed. Next, the seasonal differences in water footprint
and production statistics for each cereal are analysed. All seasonal anal-
ysis is assessed through aggregating tomonsoon driven seasons (Kharif,
Autumn and Winter, summarized under Kharif) and irrigation depen-
dent seasons (Rabi and Summer, summarized under Rabi). Wheat is
only grown in the Rabi season hence omitted from Kharif water foot-
print analysis. Factors associated with water footprints, namely yield
and evapotranspiration, are explored and assessed for their importance
in explaining the variability of water footprint using the Pearson Corre-
lation Coefﬁcient.
Finally, this study investigates the spatial variability of the improve-
ments in water footprints in the six administrative regions of India
(Central India, East India, North India, Northeast India, South India and
Western India) to demonstrate if particular regions are driving the ob-
servations at national level. Total water footprints are combined per
year for each region, and rate of change is determined through linear re-
gression of the regional water footprints over the ten years.
All data processing and analysis of the resultswas carried out using R
software.
3. Results
3.1. Total area, production and water use between 2005 and 2014
Between 2005 and 2014, the harvested land area for cereal produc-
tion in India increased slightly (+1.8%) from 96.3 to 98.0 Mha and the
irrigated land area increased from 51.4 to 58.2 Mha (+13.4%). Total an-
nual cereal production increased by 26.4% from 188.2 Mt to 237.9 Mt
(Fig. 1). The average annual total water consumption for cereal produc-
tion was 377.9 km3 over the period 2005–2014 and decreased from
393.2 to 367.1 (−6.6%). Wheat and rice production consumed the
greatest amount ofwater (80.6% of total water use) and the highest con-
suming states Uttar Pradesh, Punjab and Rajasthan (all in North India),
accounted for 20.0%, 8.4% and 8.4% of total Indian water consumption
for cereal production, respectively.
The increase in cereal production was not consistent across cereals,
with substantial variability evident in respect of absolute and relative
annual changes (Table 2, Fig. 1). Maize showed the greatest relative in-
crease in production, while sorghum production marginally decreased
over the period. Irrigation area and crop water use increased for both
wheat and maize, but decreased for the other cereals.
3.2. Drivers of improved cereal water use in India
To identify reasons for increased cereal productionwith little change
in total water use, temporal and spatial variations in cereal water foot-
prints and production were analysed. First, the average yearly and sea-
sonal water footprints were investigated and linked to changes in cereal
production and climate. Secondly, the spatial heterogeneity was exam-
ined to understand if the improvements occurred in few regions orwere
ubiquitous.
3.2.1. Differences in seasonal water footprints and cropping patterns
The annual total water footprints of wheat and maize are similar,
and only slightly lower than that for rice. Sorghum and millet consis-
tently had the lowest yields across seasons, and the highest annual
water footprints of 2894 l kg−1 and 2884 l kg−1, respectively (Fig. 2).
Water footprints varied substantially by season. Rice has the highest
water footprint in Rabi followed by sorghum. Rice is the only cereal to
have a greater water footprint in Rabi than Kharif: greater by 10.1%.
This is different from all the other cereals whose water footprints
were between 45.0% (maize) and 33.4% (sorghum) lower in Rabi than
Kharif.
Cereal blue water footprints during the Kharif seasonwere generally
small (b1.5% of total water footprint, except for rice). In contrast, cereals
blue water footprints during the Rabi season ranged from 12.3% of total
water footprint for sorghum to 78.3% for rice. Although sorghum and
millet had the highest overall water footprint, they were also the
crops with lowest blue water footprint.
The increase in total cereal production in India over the period
2005–2014 was dominated by rises in Kharif production of rice and
Rabi production ofwheat (Fig. 3). The area under cereal production dur-
ing Kharif decreased by 3.0 Mha, shifting to greater cereal production
area in Rabi that was mainly driven by wheat (+4.9 Mha) and maize
(+0.9 Mha).
Total annual water footprints for all cereals also declined over the
period 2005–2014, coinciding with an increase in yields and a decrease
in evapotranspiration. The reduction of evapotranspiration over time
was also apparent for reference evapotranspiration and particular pro-
nounced for wheat. The largest decrease in total water footprints was
for millet from 4184 l kg−1 to 2324 l kg−1 (−44%), corresponding
with the largest increase in yield from 0.7 t ha−1 to 1.3 t ha−1.
In line with changes in total annual water footprints and yields,
Kharifwater footprints have decreased over the study period, especially
Fig. 1. Harvested area, irrigated area, total production and overall water use for maize,
millet, rice, sorghum and wheat in India.
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for green water, while trends in Rabi water footprint have been more
variable (Fig. 3). Differences in total water footprints in both seasons
were strongly correlated with yields (ranging from ρ=−0.78 to ρ=
−0.98) (Correlation coefﬁcients are displayed in Table A.1 of theAppen-
dix). The correlation between total water footprints and evapotranspi-
ration was more variable in Kharif and Rabi (ρ= 0.07 to ρ= 0.89). In
particular during Kharif, there was strong evidence that green water
footprints were positively correlated with evapotranspiration. In Rabi,
the blue water footprints were associated with evapotranspiration for
most crops however relationships were highly variable (ranging from
ρ=−0.62 to ρ= 0.95).
3.2.2. Spatial variability of cereal water footprints
Cereal water footprints varied markedly between Indian states
(Figs. 4, A.1, Table A.2). Rice had the most similar total water footprint
across all states but a variable blue water footprint compared to the
other cereals. The variation in blue water footprint was even more evi-
dent for wheat, which at the same time showed the lowest variability
for greenwater footprints. Total water footprints for wheatwere partic-
ularly high in the south-eastern states. Maize showed a north-south
gradient, with higher water footprints in the northern states. The most
heterogeneous total and green water footprints were identiﬁed for mil-
let and sorghum, with some states showing sorghum green water foot-
prints as high as 9456 l kg−1 (West Bengal) and as low as 1211 l kg−1
(Andhra Pradesh). This range was only exceeded by maize due to the
high water footprint in Kerala, a state that does not contribute signiﬁ-
cantly to overall maize production in India. State speciﬁc average
water footprints and maps of green, blue and total water footprints
are provided in the Appendix (Fig. A.1, Table A.2).
Rate and direction of change in annual water footprints differed in
the 6 administrative divisions of India (Fig. 5). There was a decrease in
total water footprints in India across almost all administrative divisions
and crops. In Central India, the rate of change for total water footprints
exceeded all other regions for maize, rice and wheat. The most pro-
nounced changes were simulated for sorghum and millet, where
North India showed the highest decreases of 261 l kg−1 yr−1 and
226 l kg−1 yr−1 respectively. The annual changes in green water foot-
prints were similar to those seen for the total water footprints, except
for wheat where the blue water footprint heavily inﬂuences the total.
Only wheat had a pronounced change in blue water footprint, decreas-
ing by up to 116 l kg−1 yr−1 in Central India. This decrease was associ-
ated with an increase in yields in this division by 88% and a decrease in
evapotranspiration by 10% between 2005 and 2014. Modest increases
(not exceeding 52 l kg−1 yr−1) were identiﬁed in blue and green
water footprints for individual crops and administrative divisions.
4. Discussion
UsingGovernment collated data on cereal production and the CFTW,
this study quantiﬁed the total water use and water footprints of cereal
production over the years 2005–2014. This study shows that over a de-
cade, Indian cereal production increased by 26.4% with relatively small
change to water or land used (−6.6% and +1.8%, respectively). This
wasmainly due to improved cereal yields, which our analysis identiﬁes
can in part be explained by a shift towards production in the Rabi sea-
son. Substantial differences in water footprints for different cereal
crop production were identiﬁed: wheat and rice have the lowest
green water footprints but the highest blue water footprints, while mil-
let and sorghumwere exactly opposite. Maize was the only cereal com-
bining both a low blue and greenwater footprint. Increasing production
ofmaize but alsowheat as a proportion of the total in India has therefore
also contributed to a reduction in total water use. This study represents
the ﬁrst regional application of the water component of the CFT.
Table 2
Average annual change for area, irrigated area, production and water use based on linear regression models for all values between 2005 and 2014. The number in brackets identiﬁes the
percentage change per year based on year 2005.
Maize Millet Rice Sorghum Wheat Total
Area [Mha yr−1]
([% yr−1])
0.166⁎
(2.10)
−0.263⁎
(−2.78)
−0.039
(−0.09)
−0.290⁎
(−3.42)
0.519⁎
(1.83)
0.094
(0.10)
Irrigated area [Mha yr−1]
([% yr−1])
0.091⁎
(5.17)
−0.029⁎
(−3.29)
0.063
(0.26)
−0.020⁎
(−2.84)
0.619⁎
(2.43)
0.724⁎
(1.37)
Production [Mt yr−1]
([% yr−1])
1.229⁎
(8.15)
0.243
(2.95)
2.562⁎
(2.79)
−0.229⁎
(−3.27)
3.074⁎
(3.94)
6.878⁎
(3.44)
Crop water use [km3 yr−1]
([% yr−1])
0.255⁎
(0.95)
−0.947⁎
(−3.52)
−1.180
(−0.61)
−0.913⁎
(−4.15)
−0.040
(−0.04)
−2.825⁎
(−0.75)
⁎ Indicates linear regressions where R2 N 0.5 and p-value ≤ 0.05.
Fig. 2. India average blue and green water footprints, yield, evapotranspiration and total
production for the years 2005 to 2014 for the whole of India. The error bars indicate the
standard deviation of the mean of the 10 years. Wheat is not grown in the Kharif season.
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The reduction in cereal water footprints over the study period was
mainly driven by improved yields across India, particularly in the
north for sorghum and millet and the central division for rice, maize
and wheat. The increase in yield is likely to be largely the result of
greater production of high yielding varieties (Ministry of Agriculture
and Farmers Welfare, 2017). The increased use of irrigation (51.4 Mha
to 58.2 Mha), fertilization (20 Mt to 24 Mt from 2005 to 2014 for ce-
reals) and pesticides (40 kt to 53 kt between 2005 and 2011 for the
whole of India) may have also fostered yield increases in India between
2005 and 2014 (Devi et al., 2017; Kumar et al., 2017; Ministry of
Agriculture and Farmers Welfare, 2017). However, the increase may
also relate to the increased growing area and production during the
higher yielding Rabi season. This trend has been observed since the
1960's (Davis et al., 2018; Prasanna, 2014). Higher yields during Rabi
occur for several reasons: temperatures and less cloud cover favour
photosynthesis as well as reduce respiration and thus enhance biomass
Fig. 3. Changes in water footprints, yields, production, area under production, evapotranspiration and precipitation in India, 2005–2014. Lines indicate best ﬁt using a linear regression.
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accumulation; improved water management and prevalence of pests
(Kailasanathan and Sinha, 1980; Singh et al., 2012). Governmental sta-
tistics also suggest that climate related factors are the dominant drivers
for lower yields during Kharif, because both, high yielding varieties and
traditional varieties, show higher productivity during the dry-season
(traditional varieties +36.3%, high yielding varieties +64.2%, average
across all cereals based on Ministry of Agriculture and Farmers
Welfare, 2017).
As well as a change in yields, this study found a decrease in evapo-
transpiration that contributed in part to reduced water footprints. The
negative trend in evapotranspiration is linked to a trend towards
smaller average reference evapotranspiration for the harvest area (see
Fig. 3). While this study shows a decrease in reference evapotranspira-
tion for most states and both seasons (N66.7% depending on crop and
season), the reduction is most prominent during Rabi (except for Sor-
ghum). The trend in declining evapotranspiration has been reported
for 17 out of 19 agroecological regions (Bandyopadhyay et al., 2009)
and in various regional studies (Darshana et al., 2013; Jhajharia et al.,
2015) in India since the late 1960s. Bandyopadhyay et al. (2009) identi-
ﬁed trends in relative humidity (positive trend), wind speed (negative
trend) and solar radiation (negative trend) as the drivers of reduced ref-
erence evapotranspiration.
Over the study period, the pattern of crop type also slightly shifted in
India, with an increase in maize production being most pronounced.
Changing crop type has been proposed to reduce water use (Davis
et al., 2018). Although yields greatly inﬂuence total water footprints,
the type of water use is affected by their dominant growing season
and irrigation management (Ministry of Agriculture, 2015). Sorghum
and millet combine a low yield during Kharif season with a low irriga-
tion water use therefore low blue water footprint. Wheat with the
highest blue water footprint is exclusively grown as irrigated Rabi crop.
4.1. Comparison of water use and water footprints with previous estimates
Previous research has estimated that total agricultural water with-
drawal in India reached 688 km3 a−1 in 2010 (FAO, 2016), and is
steadily growing. Assuming that this water is applied equally across all
irrigated ﬁelds (63% of which is used maize, millet, rice, sorghum and
wheat production), approximately 433 km3 a−1 are withdrawn for ce-
real crops (Government of India, 2018). This study estimated a total
blue water use of 105 km3 a−1 in 2010, suggesting that 75.7% of water
withdrawn is lost during conveyance, or via runoff and deep
percolation.
In terms of India-speciﬁc water footprints, earlier estimates from a
global assessment by Mekonnen and Hoekstra (2011) and from
Kampman (2007) provide a meaningful comparison. The water foot-
prints from this study have similar between-crop differences to the
Indian values from Mekonnen and Hoekstra (2011) and Kampman
(2007) (Table A.3), except that Sorghum has much lower water foot-
prints compared the other cereals in the later study. The absolute values
for the study from 2011 are higher, with the largest discrepancies for
maize and sorghum, where the total water footprints of Mekonnen
and Hoekstra (2011) are higher by 68.8% and 100.0%, respectively. Sim-
ilar differences can be found for Kampman (2007) with an offset of up
93.2% for rice. This is potentially due to differences in the years studied,
since yields have increased (1996–2005 for Mekonnen and Hoekstra,
2011; 1997–2001 for Kampman, 2007). Additionally, there were meth-
odological differences as alternative data sources (Government col-
lected, as opposed to FAO national statistics) were used and the
implementation of the method to calculate evapotranspiration was dif-
ferent. For example Kampman (2007) used Cropwat andmonthly aver-
age climate for 160 stations of the CLIMWAT dataset to derive state level
water footprints. Similar discrepancies to the data provided in
Mekonnen and Hoekstra (2011) have been observed by other studies
in different contexts, for example Zhuo et al. (2014) in China. More re-
cently, Davis et al. (2018), assessed water productivity of Indian cereals
concurring that rice is themost inefﬁcient blue water user during Kharif
and sorghum has the highest water footprint during Rabi. This study
builds on this work by assessing more recent years, and applying the
CFTW. Other studies investigate virtual water content or water foot-
prints of the same cereals, but do not discuss India-speciﬁc ﬁgures
(Dalin et al., 2012; Hanasaki et al., 2010; Siebert and Döll, 2010;
Tuninetti et al., 2015).
Several studies have reported on spatial variability of crop water
footprints globally (Dalin and Conway, 2016; Mekonnen and Hoekstra,
2011, 2010; Shrestha et al., 2013; Tuninetti et al., 2015). Here inter-
and intra-annual variations in crop water footprints for India between
2005 and 2014 are reported. Only one previous study looked at annual
variability and showed differing trends in water footprints for various
crops, however it focused on the Yellow River basin, China (Zhuo
et al., 2016). Differences between Kharif and Rabi water footprints for
13 crops for most Indian states have been described in Kampman
(2007). Kampman (2007) found consistently higher water footprints
during Kharif similar to our ﬁndings, except for rice for which this
study identiﬁed slightly higher water footprints during Rabi. Seasonal
variability in cereal water requirements in India also has been shown
Fig. 4. Boxplots of average state-level blue, green and total water footprints between 2005 and 2014.
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byDavis et al. (2018), highlighting that formost cereals,Rabiproduction
is more efﬁcient, but demands more blue water. Our study demon-
strates a clear trend towards lower water footprints and that there are
large differences between seasons in India that need to be taken into
consideration when trying to reduce environmental impacts of crop
production.
Fig. 5. Average change of water footprints per year between 2005 and 2014 for the six administrative divisions in India.
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4.2. Strengths and limitations of this study and water use estimates
This study is strengthened by the use of governmental statistics at
the district (662 districts excluding islands) and state (34 states and ter-
ritories excluding islands) level. This allowed novel relationships to be
assessed such as the effect of intra- and inter-annual variability, and
changes in yield, area, production and irrigated area at the crop and
state-level. Furthermore, by using thenewly developed CFTW it demon-
strates the applicability of this tool in assessing important agricultural
sustainability issues. However, there are some limitation of the data
and methodologies used that must be considered.
Although district-level datawas used formost input variables, it was
not available for irrigation fraction, and therefore state-level data was
downscaled based on irrigation fraction of districts in 2005 (Zhao and
Siebert, 2015). Newly available remote sensing irrigation products
may help in the future to inform this downscaling approach, or even
substitute state-level statistics (Ambika et al., 2016). Additionally, data
on growing periods was only available at state-level, and therefore
growing periods for every state and year are constant in the current
analysis. Growing seasons are fairly constant in India, but changes in
the onset and end of the monsoon have a clear impact on the length
and timing and thus on water footprints (Krishna Kumar et al., 2004).
Futurework could use dynamic growing seasons, linked to themonsoon
and temperature.
In terms of the water use andwater footprint estimations, it was as-
sumed, as in previous publications, that once a ﬁeld is irrigated, the crop
does not suffer fromwater stress at any time during the growing season
(Mekonnen and Hoekstra, 2011; Siebert and Döll, 2010). This simpliﬁed
assumption may lead to an overestimation of blue water use. In addi-
tion, there is a correlation between evapotranspiration and biomass
production and thus yield, which the FAO56 approach cannot account
for (Taylor et al., 1983). This study also assumes constant crop coefﬁ-
cients in India, hence does not distinguish differences between varieties
of the same crop, or between management practices that could affect
crop coefﬁcients, and therefore crop water demand (Allen et al.,
1998). This could be of particular importance in India, where both tradi-
tional and high-yielding hybrid cultivars are used (Ministry of
Agriculture and Farmers Welfare, 2016).
Finally, the scope of this study was to assess cereal production only
and therefore the results described cannot be generalized for other
crops or food groups in India. It is likely that reduced cereal harvested
area in Kharif was substituted by other crops, as area and production
of horticulture has gained greatly in importance between 2005 and
2014 in India, with the area increasing from 18.7 Mha to 23.4 Mha,
and production from 182.8 Mt to 281.0 Mt (Ministry of Agriculture
and Farmers Welfare, 2017). Hence, although the water use for cereals
may not have increased, there may have been an increase in Indian ag-
ricultural overall. Other factors in terms of water sustainability have not
be considered, for example water availability and sources of irrigation
water. Although total consumptive water use is important, the environ-
mental impact is additionally determined by the source of water (sur-
face or groundwater), and whether or not water is readily available.
4.3. India water security and policy interventions
The ﬁndings of our study are relevant given current concerns for
ground water depletion and water security in India, and have potential
implications for policies related to sustainable food systems (Rodell
et al., 2009; Zaveri et al., 2016).
Improving crop yields is a primary means of reducing water use,
while maintaining production. Recent yield improvements in India
have in part resulted from a shift in the harvested area for cereals
from Kharif to Rabi seasons. While cereal production during Rabi
removes dependence on ﬂuctuating monsoon precipitation, it results
in an increase in irrigation water use; cereal blue water footprints in
Rabi were 4–30 times higher than those in Kharif season. Future
research must consider the growing season as a factor contributing to
water sustainability, and a full assessment of all crops involved in this
transition is needed. Changes in agricultural production practices are
also important in improving yields, including the introduction of high
yielding cereal varieties and the increased use of irrigation, fertilizers
and pesticides (Devi et al., 2017; Kumar et al., 2017; Birhanu and
Sekar, 2016; Ministry of Agriculture and Farmers Welfare, 2017;
Yadav et al., 2015). However, increased pesticide and fertilizer use
may have intensiﬁed other environmental impacts including green-
house gas emissions, biodiversity loss, and grey water footprints. Con-
sideration is required of trade-offs in policies aiming to improve the
sustainability of India's food system.
Farmer-level interventions for sustainable water management
should focus on increasing irrigation efﬁciency. This can be partly
done through reducing evaporation and thus non-productive water
loss. In this context the use of drip and sprinkler apparatus, rather
than ﬂood systems, has the potential to reduce groundwater abstraction
by around two-thirds (Fishman et al., 2015). Currently over 95% of crops
are irrigated using ﬂood and furrow irrigation, triggering evaporation
losses and deep percolation (Frenken, 2012). While deep percolating
water remains in the catchment, evaporation is lost and does not con-
tribute to crop production via transpiration. Furthermore, mulching
can reduce evaporation from the soil surface (Chukalla et al., 2015;
Ingman et al., 2015; Wang et al., 2018). Rain water harvesting practices
may help preserve Kharif precipitation for Rabi production and decrease
water withdrawals for irrigation (Glendenning et al., 2012). However,
rain water harvesting may lead to reduced groundwater recharge,
lower water availability for downstream users and could also increase
evapotranspiration at the catchment level (Glendenning et al., 2012;
Kumar et al., 2008). Applying supplementary irrigation in rainfed agri-
culture has proven effective in stabilising production during ﬂuctuating
precipitation (Rockström and Barron, 2007; Sharma et al., 2008).
Changing farmer crop choices may also enhance water sustainability
(Davis et al., 2017). A switch in production from rice and wheat to
maize, sorghum and millet could substantially reduce blue water re-
quirements for cereal production in India. Millet and sorghum produc-
tion is being promoted by the Government of India, which is
considering including these cereals in the public distribution system
(Balani, 2013). Changes to cereal productionmay lead to changes in ha-
bitual dietary consumption patterns in India in the future although im-
pacts on consumption are currently poorly understood.
Future research on cereal water footprints in India should explore
scenarios for reducing water use that optimize cereal production and
water use (total and blue water) by season. Overlaying water use pat-
terns andwater footprints with information on sustainable water avail-
ability may further help to inform relevant stakeholders (Fishman et al.,
2015; Ridoutt and Pﬁster, 2010). This studyhas focussed only on the im-
pact of cereal production onwater use, and therefore does not provide a
holistic assessment of environmental sustainability. Other factors such
as climate change, eutrophication and soil erosion are inﬂuenced by ag-
ricultural management and should be incorporated (Dalin and
Rodríguez-Iturbe, 2016). Individual and household-level factors that in-
ﬂuence production practices also need due considerationwhen deﬁning
policy responses.
5. Conclusions
India's agricultural system has achieved a substantial increase in ce-
real production over the period 2005–2014 without consuming more
water, through improvements in crop productivity and shifting more
production to the Rabi season. As this has led to greater irrigation area,
this strategy is of only limited use in solving water crises in India
while sustaining crop production. Reducing pressure on freshwater re-
sources, alleviating unsustainable groundwater use and securing cereal
production for food security requires different solutions based on grow-
ing season.
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Overall, increasing maize production will help to sustain cereal pro-
duction while minimizing water use, as it is less dependent on blue
water, has high yields and can be cultivated during all growing periods
in India. In addition, sorghum and millet can help reduce the depen-
dency on freshwater, but substantial investments in improving yields,
for example through high yielding varieties, is crucial to maintain pro-
duction levels.
The data provided in this study will enable decision makers in gov-
ernment, agriculture and food supply chains in India to understand
the potential impact of interventions in crop type, cropping season
and farming locations on water productivity and cereal production.
The study can also contribute to future projections of per-capita water
demand in India, a country where diets and agricultural production
are undergoing a substantial transition.
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